Mercury(l1) oxide and siIver(1) oxide electrodes in aqueous solutions (Technical Report)
Abstract -The standard aqueous potentials of the mercury(I1) oxide electrode and of the silver(1) oxide electrode covering the temperature range from 283 to 318 K have been critically analysed (with special attention to the standard states implied) and redetermined: as a result, recommended values are tabulated for both the respective ((acid)) and ((basic)) standard potentials. From these potentials, accurate values for the standard solubility products of the corresponding hydroxides, Hg(OH)2 and AgOH, have been also derived. The usefulness and applications of the mercury(I1) oxide electrode, as well as the limited applicability of the silver(1) oxide electrode, are described.
INTRODUCTION
The Sb203 electrode, so popular in connection with pH-metric and titrimetric applications, and its congeners As203, Bi203, WO,, MbO,, and TeOz electrodes were reviewed critically in Ives and Janz's well-known book on reference electrodes (ref 1) and, therefore, they need no further discussion here.
Another important oxide electrode, the mercury(I1) oxide (HgO) electrode, together with the related silver(1) oxide (Ag20) electrode, has been re-examined recently (ref.
2), with redetermination of the relevant standard potentials and of the thermodynamic solubility product of the corresponding hydroxides: these results are the experimental basis of the present document. , who analysed in detail the possible causes of such discrepancies, e.g. electrode design, cell assemblage, electrolyte concentration, liquid junction potentials, mixed potentials due to traces of oxygen or other oxidising species in solution, electrode poisoning by certain difFusable species, and found that all the above causes made the measured potentials and the standard potentials decrease. The redetermined standard potentials, in turn, allowed redetermination of the thermodynamic solubility product for the corresponding aqueous Hg(OH)2 and AgOH hydroxides, with results in good agreement with those obtained by other methods, which provides a confirmation of reliability.
THE STANDARD POTENTIALS OF THE MERCURY@) OXIDE ELECTRODE AT VARIOUS TEMPERATURES
Redetermining the standard potential of the HgO electrode means redetermining the standard electromotive force (e.m.f) E" of the following reversible cell:
Pt I H2 (1 bar) I NaOH(aq) I HgO I Hg (cell I) the e.m.f. of which is expressed by:
where k = (InlO)RT/F . E is found to be independent of the electrolyte concentration (at molalities lower than -0.5 mol kg-I) except for minimal differences attributable to varying water activity, aH20 . Knowledge of aHZ0 is evidently essential for determining E" from the measured E values, and appropriate 
where 11 is the number of data at each temperature of experiment.
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In terms of the standard potentials of the constituent electrodes, E" can be interpreted in two ways: ( i ) If reference is made to the standard state of hyp. mH+ = 1 (namely, aH+ = l), this is in agreement with the Stockholm convention of IUPAC (refs. 17-19) for the aqueous scale of standard electrode potentials. Therefore one should write:
where the standard potential of the hydrogen electrode, E"(H+ + e = %H2), is taken as zero at all temperatures, and E" = F ( H g 0 + 2H+ + 2e = Hg + H,O), here abbreviated to Eig~HROIH+, is the standard potential of the HgO electrode in acid solution and coincides numerically with the standard e.m.f E" of cell (I).
(ii) If reference is made to the standard state of hyp. moH-= 1 (namely, aOH-= 1, to which corresponds aH+ = Kw, where Kw is the ionic activity product constant of water), one should instead write:
where E"(H,O + e = %H2 + OH-) = F ( H + + e = %H2) + klogKw is the standard potential of the hydrogen electrode in basic solution, and E"(Hg0 + 2e + H20 = Hg + 20H-), here abbreviated to EiglHgOIOH. , is the corresponding basic standard potential of the HgO electrode, whereby
For Kw , accurate data are available in the literature (refs. 20,21 with estimated standard errors not greater than k0.20 and k0.23 mV, respectively. The temperature coefficients calculated from the first derivative of equations (6) and (7) 
APPLICATIONS OF MERCURY(I1) OXIDE ELECTRODES
The HgO electrode has been proposed as a reference electrode, especially in strongly alkaline solutions at moderately high temperatures, for studies in the areas of electrochemistry, corrosion, and fuel cells and storage cells (refs. 12.13.30. where the double bars indicate minimized liquid junction potentials, and the insertion of the second salt bridge (saturated CsCI) is essential because the popular built-in, saturated-KCI bridge of the familiar calomel electrode, though reasonably equitransferent, would have a concentration (4.804 mol kg-' at 298 K) insufficient to minimize the liquid junction potentials (EJ) at the junctions where NaOH concentrations were of everal mol kg-' . The saturated CsCl bridge, which is much more closely equitransferent than the KCI bridg (ref. 3 1, is 11.3 mol kg-' at 298 K, 13.0 mol kg-' at 323 K, and 15.5 mol kg-I at 363 K, so that it can u e values of EJ even at junctions with alkaline solutions of molalities lower by some units than that of saturated CsCI. The e.m.f equation for the determination of pOH = -lOg(a()H-) = -lOg(m()H-yoH-), where yo^-is the single OH-ion activity coefficient, would be:
which shows that if EJ can be assumed as abated (zeroed), and the required values of water activity are known independently, good estimates Of yoH-could be obtained.
STANDARD POTENTIALS OF THE SILVER(1) OXIDE ELECTRODE
The For interpolation purposes the standard potentials in Finally, for the standard solubility product of silver (1) (17) As can be seen, the value at 298. 15 
CONCLUSIONS
While there is no doubt about the usefblness and applicability of the HgO electrode in the areas mentioned above, some caution is necessary when using the Ag2O electrode. In fact, within the practical range of temperatures, the standard solubility product of AgOH predicts that the Ag2O electrode cannot be used as a OH-sensor at OH-inolalities lower than z 1 O4 mol kg-l because, below this level, the electrode material itself would contribute appreciably to the total OH-molality. This detection limit might be more favourable in nonaqueous or aqueous-organic solvents, analogously to what was verified e.g with that of the Hg2S04 electrode for the S042-ion (ref. 40). Accumulation of the relevant data is awaited.
